Spectrophotometric measurements of bilirubin-IXa in water and in aqueous/organic solvent mixtures at pH 10.0 as a function of bilirubin-lXa concentration (approx. 0.6-400,UM) are consistent with the formation of dimers (KD= 1.5,UM) in dilute (<10,UM) aqueous solution and further self-aggregation to multimers at higher concentrations. Added urea (to 1OM) and increases in temperature (to 62°C) obliterate the dimer-multimer transition at 10puM, but added NaCl (to 0.30M) promotes strong aggregation of dimers over a narrow concentration range, suggesting a 'micellization' phenomenon. Concentrations of dioxan or ethanol greater than 60 % (v/v) in water were required to obtain the absorption spectrum of bilirubin-IXa monomers, suggesting that both hydrophobic and electrostatic (7r-orbital) interactions are involved in stabilizing the dimeric state in water. Micellar concentrations of sodium dodecyl sulphate induced spectrophotometric shifts in the dimer absorption spectrum of bilirubin-1Xa consistent with progressive partitioning of bilirubin-IXox monomers into a relatively non-polar region of the micelles and allowed a deduction of the apparent critical micellar concentration that closely approximated the literature values.
400,UM) are consistent with the formation of dimers (KD= 1.5,UM) in dilute (<10,UM) aqueous solution and further self-aggregation to multimers at higher concentrations. Added urea (to 1OM) and increases in temperature (to 62°C) obliterate the dimer-multimer transition at 10puM, but added NaCl (to 0.30M) promotes strong aggregation of dimers over a narrow concentration range, suggesting a 'micellization' phenomenon. Concentrations of dioxan or ethanol greater than 60 % (v/v) in water were required to obtain the absorption spectrum of bilirubin-IXa monomers, suggesting that both hydrophobic and electrostatic (7r-orbital) interactions are involved in stabilizing the dimeric state in water. Micellar concentrations of sodium dodecyl sulphate induced spectrophotometric shifts in the dimer absorption spectrum of bilirubin-1Xa consistent with progressive partitioning of bilirubin-IXox monomers into a relatively non-polar region of the micelles and allowed a deduction of the apparent critical micellar concentration that closely approximated the literature values. The pattern of bilirubin IXa association with bile salts is complex, since the absorption spectrum shifts hypsochromically below and bathochromically above the critical micellar concentration of the bile salts. Consistent with these observations, bilirubin IXa appears to bind to the polar face of bile salt monomers and to the polar perimeter of small bile salt micelles. At higher bile salt concentrations some bilirubin-IXa monomers partition into the hydrophobic interior of the bile salt micelles. Our results suggest that under physiological conditions the natural conjugates of bilirubin-IXa may exhibit similar physical chemical properties in bile, in that dimers, highly aggregated multimers and bile salt-associated monomers may co-exist.
Bilirubin-IXo found in normal bile is predominantly conjugated with glucuronic acid (Fevery et al., 1972; Gordon et al., 1977; Blumenthal et al., 1977) . Unconjugated bilirubin-IXa (bilirubin-IXa), a major component of gallstones (Toyoda, 1966; Trotman et al., 1977) , represents only a minor component (1-5 % of total bilirubin) of bile (Blumenthal et al., 1977; Boonyapisit et al., 1978; Goresky et al., 1978 ), but constitutes a major component of total bilirubin pigments in patients with hepatic UDPglucuronyltransferase deficiency (Fevery et al., 1977) and in jaundiced neonatal patients during phototherapy (Lund & Jacobsen, 1972) . In spite of a vast body of literature on the chemistry, biochemistry and metabolism of bile pigments (see recent review by McDonagh, 1979) Vol. 179 conjugates in aqueous systems. Near physiological pH, bilirubin-IXa is extremely insoluble in water (Overbeek et al., 1955; Brodersen & Theilgaard, 1969; Nakama, 1976; Kolosov & Shapovalenko, 1977) and only slightly soluble in bile salt and in bile salt/phosphatidylcholine micellar systems (Nakayama & Nishimura, 1969; Nakama, 1976; Ostrow et al., 1977) . The poor aqueous solubility of bilirubin-IXa was considered for many years on the basis of spectroscopic, model building and general chemical considerations to reflect a molecular conformation in which all the hydrophilic regions of the molecule were involved in intramolecular hydrogen-bonding, with the result that the polar groups were enclosed in a hydrophobic shell (Kuenzle et al., 1973; Mannito et al., 1974; Knell et al., 1975 ). The precise conformation of crystalline bilirubinIXa was solved by X-ray analysis (Bonnett etal., 1976 (Bonnett etal., , 1978 and this prediction was confirmed. Each carboxylic acid group of bilirubin-IXa forms three intramolecular hydrogen bonds, involving the pyrrole imino hydrogen atoms and terminal lactam systems of the opposite pyrromethenone skeleton (Bonnett et al., 1976 (Bonnett et al., , 1978 . This secondary structure stabilizes a chiral conformation in which the molecule adopts the form of a 'ridge tile' (Bonnett et al., 1976 (Bonnett et al., , 1978 , and thus bilirubin-IXa is rendered a nonpolar lipid. The dramatic change in conformation and in aqueous solubility on protonation explains why the physical state and ionization constants of bilirubin-IXa under physiological conditions have eluded precise measurement by conventional methods (Lucassen, 1961; Brodersen, 1966; Matheson et al., 1974; Krasner & Yaffe, 1973) .
For these reasons we decided to first investigate the solution properties of bilirubin-IXa at a pH (10.0) where the carboxylic acid groups are fully ionized and the compound is moderately water-soluble. Our spectrophotometric measurements suggest that soluble bilirubin-IXa self-associates in a manner reminiscent of that of many water-soluble dyes (Hillson & McKay, 1965) , porphyrins (Phillips, 1963) and certain steroid amphiphiles (Carey & Small, 1970; Carey et al., 1975) Assisi, 1971) . The material was purified by the procedure of McDonagh & Assisi (1972) . In brief, the crude material was dissolved in Spectroanalyzed chloroform, washed thrice at room temperature with 0.1 M-NaHCO3, dried over anhydrous Na2SO4, filtered and recrystallized at 4°C from a small volume of chloroform to which a few millilitres of methanol was added to induce incipient turbidity at 60°C. The precipitate was washed with cold chloroform/methanol (1:1, v/v) and dried overnight in a vacuum desiccator at 40°C. The purified material had a molar absorption coefficient (e) in chloroform (23°C) of 6.19x 104M-1 cm-' (McDonagh, 1979) , and produced a single spot on repeat t.l.c. with authentic standards (kindly supplied by Dr. A. P. McDonagh, University of California, San Francisco, CA, U.S.A.) with no fluorescent impurities. (McDonagh & Assisi, 1971) . On scanning of a 100uM solution in chloroform through the visible spectrum the absence of an absorption band in the 620-680 nm range confirmed that biliverdin-IXa was not a contaminant (With, 1968) . As needed, bilirubin-lXa was purified in 0.5 g batches at a yield of approx. 50 % and stored dry under O2-free argon at -20°C. The sodium salts of taurocholic acid (3o,7a,l 2a-trihydroxy-5fi-cholanoyltaurine), taurodeoxycholic acid (3a,12a-dihydroxy-5fi-cholanoyltaurine) and taurodehydrocholic acid (3a,7a,12a-trioxo-5fi-cholanoyltaurine) were purchased from Calbiochem (San Diego, CA, U.S.A.) and purified as described (Pope, 1967; Carey & Small, 1969) . The bile salts after purification gave a single spot by t.l.c. (200,ug application) and a correct titration curve in water (1 g/dl titrated with 2M-HCl) (Small, 1971) . SDS was obtained from BDH Chemicals, Poole, Dorset, U.K. The sample was free of dodecanol as checked by t.l.c. [200,ug application; chloro- form/methanol/water (65:35:4, by vol.)] and contained 0.5 % (w/w) of sodium tetradecyl sulphate as shown by g.l.c. of an acid hydrolysate (kindly carried out by Mr. Paul Missel, M.I.T., Cambridge, MA, U.S.A.), and was used after recrystallization from ethanol/water mixtures. Organic solvents and chemicals were regent grade. NaCl was roasted at 600°C to oxidize and remove organic impurities. Argon Matheson, East Rutherford, NJ, U.S.A.) was 99.998 % pure, and water was filtered, deionized and glassdistilled (Corning Automatic System, Corning, NY, U.S.A.). All glassware was sequentially washed (24-48h) in 1 M-HNO3 and ethanol/2M-KOH (1:1, v/v), rinsed in running distilled water, wrapped in aluminium foil and oven-dried.
Methods
Solutions. Solutions of bilirubin-IXa in aqueous electrolyte solvents containing 0.02-0.30M-Na+ ranged in concentration from approx. 0.6 to 400,pM and were made by dilution of stock solutions. Stock solutions were prepared by weighing the appropriate amount of recrystallized biliburin-lXa, adding to the solid crystals a few drops of 1 M-NaOH to aid dissolution and making up to the appropriate volume with a 0.01 M-carbonate/bicarbonate buffer solution (Gomori, 1955) and all stock solutions were bubbled with argon throughout each experiment. Both stock and experimental solutions were prepared and handled under subdued diffuse light in a windowless room, and stock solutions were wrapped in aluminium foil to further exclude light. Individual experimental solutions were studied within a few minutes of mixing and were not re-used. For each bilirubin-IXa solution, the Soret region of the absorption spectrum, from 380 to 520nm, was rapidly (approx. 25 s) scanned. The curves were reproducible when run in this fashion; however, if solutions were left for longer than 10min a steady decrease in absorbance resulted owing to chemical decomposition (Lightner et al., 1976; Lightner, 1977; McDonagh & Assisi, 1971 The concentration of ethanol or dioxan (%, v/v) in 0.01 M-Na+/carbonate/bicarbonate buffer, pH 10.0, was increased in 10% increments from 0% (curves 1) to 90% (curves 10). The final bilirubin-lXa concentration in all mixtures was 13AiM. The spectra were obtained at 23°C in 1 cm-light-pathlength cells within 1 min of mixing. Curves are numbered consecutively, with curve I having the lowest absorption maximum and curve 10 the highest. An isosbestic point appears at approx. 430nm in the bilirubin-lXa/ethanol/water spectra.
(1.78-4.6) as a function of ionic strength (0.02-0.30M-Na+) added urea (2-10M) and various solvents are summarized in (Kosower, 1958a,b) were constructed (Figs. 6a and 6b ). The Z scale is an empirical description of solvent polarity and the values are derived by measuring the u.v.-visible transition energy (from )Lmax.) of a non-aggregating reference molecule in solvents of various polarities (Kosower, 1958a) . As it is well established (Rabinowitch & Epstein, 1941) ..~~~~~~~~~~~~~~~~~~~~ to disrupt non-polar molecular interactions, the linear portions of the curves at high ethanol concentrations (Z<21 kJ/mol) represent principally solvent effects on the absorption spectrum of bilirubinIXa monomers (Gallagher & Elliott, 1973 Fig. 1 ) and the deviations from Beer's Law at higher concentration (Fig. 3) indicates further self-aggregation of bilirubin-IXx dimers to form multimers.
Influence of SDS on the spectral characteristics of bilirubin-IXa solutions
The Soret-band spectra of 29,uM-bilirubin lXa in SDS solutions (0-90mM; 23°C; 0.01 M-Na+) are shown in Fig. 7 . As the SDS concentration is increased, the )Amax. of bilirubin-IXcx shifts bathochromically (435 to 454nm), and durinig this interconversion the absorbance is decreased and a tight isosbestic point is observed at approx. 504nm. The influence of SDS concentration on )lmax. of three bilirubin-IXor concentrations is shown in Fig. 8 (Fig. 5a) Wavelength (nm) Fig. 7 . Soret-band absorption spectra of bilirubin-IXa in aqueous SDS Spectra of 29piM-bilirubin-IXo were obtained in aqueous SDS in 0.01 M-Na+/carbonate/bicarbonate buffer, pH 10.0, at 23°C. The light-pathlength of the cuvettes was 1 cm. The numbered spectra correspond consecutively to SDS concentrations of 0, 0.9, 1.8, 2.7, 5.4, 9.0, 18.0, 27.0 and 90mM. A tight isosbestic point is observed in the spectra at approx. 504nm. (Mukerjee & Mysels, 1970) . With bilirubin-IXa concentrations in excess of 10pgM, the colour of the solutions changed from deep red (no SDS) to bright yellow at SDS concentrations in excess of 10mM, in accord with changes in )Smax (Fig. 8) Fig. 9 . The A.rax. of bilirubin-IXa first shifts hypsochromically in dilute sodium taurodehydrocholate solutions followed by a slight bathochromic shoulder (at approx. 460nm) developing at the highest sodium taurodehydrocholate concentrations. A tight isosbestic point occurs at about 490nm. In three separate experiments with bilirubin-IXa concentrations of 9.5-280pM the curves and isosbestic points are similar, with shifts in )max. to a constant value of 422-423nm and 6460 values similar to those of bilirubin-IXa dimers in water. The spectra for two bilirubin-IXa concentrations (29,UM and 270,UM) in increasing concentrations of sodium taurocholate are displayed in Fig. 10 . With small sub-micellar additions of sodium taurocholate, 1max. first shifts hypsochromically, but as the sodium taurocholate concentration is further increased a shoulder forms at approx. 465 nm and develops into a peak that increases in parallel with increases in the sodium taurocholate concentration. At the highest sodium taurocholate concentration the peak is well developed and now contains a shoulder at a wavelength similar to the m.max. of bilirubin-IXa in the absence of sodium taurocholate. The principal effects of the higher bilirubin-IXa concentration (Fig. 10) Wavelength (nm) Fig. 9 . Soret-band absorption spectra of bilirubin-IXa in solutions ofsodium taurodehydrocholate Spectra were obtained at 23°C as for SDS. The bilirubin-IXa concentration was 280pM. The range of taurodehydrocholate concentrations corresponding to the numbered spectra were in consecutive order 0, 0.5, 1.25, 2.5, 5.0, 10.0, 30.0 and 100mM. The buffer was 0.01 M-Na+/carbonate/bicarbonate, pH 10.0. An isosbestic point is present in the spectra at approx. 490nm. the development of the new lmax. at longer wavelengths is less. No isosbestic point occurs in these spectra (Fig. 10) .
In order to clarify further these spectral changes, difference spectra were obtained with all three bile salts, and the results for sodium taurocholate are shown in Fig. 11 . Two positive peaks are observed at all concentrations of the three bile salts, both below and above their critical-micellar-concentration values. As shown in Figs. 12(a) and 12(b), at a constant bilirubin-IXa concentration (26pM) the shifts in both absorption maxima are strikingly dissimilar as the bile salt concentrations are increased. The shorter-wavelength peak (Fig. 12a ) centred between 410.5 and 413nm is constant up to a bile salt concentration equivalent to the individual critical-micellar-concentration values measured by other methods (Carey & Small, 1969 ; M. C. Carey & Vol. 179 A. P. Koretsky, unpublished observations on taurodehydrocholate). A strong hypsochromic shift is then observed in the case of taurocholate and taurodeoxycholate, but not with taurodehydrocholate. The initial hypsochromic shifts are reversed once the taurodeoxycholate and taurocholate concentrations exceed 3 and 50 mm respectively, whereas with taurodehydrocholate the bathochromic shift occurs monotonically at all concentrations greater than 3 mm. For the longer-wavelength peaks (Fig. 1 2b) the values for all three bile salts are once again constant up to the individual critical-micellarconcentration values and then increase sharply to longer wavelengths for taurocholate and taurodeoxycholate and monotonically for taurodehydrocholate. Above 3 mM-taurodeoxycholate and 10mM-taurocholate the absorption maxima become essentially constant. The effects of increases in temperature (23 to 62°C) on the taurocholate-bilirubin-IXa difference spectra are complex (results not shown). In general, increases in temperature obliterate the hypsochromic shifts of the shorter-wavelength absorption maximum and accentuate the bathochromic shifts of the longer-wavelength absorption maximum.
Discussion
Pkvsicochemical properties ofbilirubin-IXa in aqueous systems Like many porphyrins (Phillips, 1963) , bilirubinlXr, an open-chain tetrapyrrole, is not sufficiently soluble in aqueous solution at neutral pH (approx. 10nM; Kolosov & Shapovalenko, 1977) to facilitate exact physicochemical examination (Overbeek et al., 1955) . Thus the aim of the present study was to investigate the solution properties of the disodium salt of pure bilirubin-IXa in aqueous solution at pH10.0, 1pH unit higher than where protonation commences and at least 1.5 pH units above its equilibrium precipitation pH values (A. P. Koretsky & M. C. Carey, unpublished work) . Even under these conditions, disodium bilirubin-IXa is not very soluble. For example in water and in 0.15M-NaCl (23°C, pH 10.0) a solution is saturated (M. C. Carey & S. J. Wu, unpublished work) with 50mM (31.3 mg/ml)-and 36mM (22.8mg/ml)-bilirubin-IXa respectively, in agreement with other measurements at the same pH (Kolosov & Shapovalenko, 1977) . Although the colligative properties of a system cannot be directly measured by the changes in )niax. and E, considerable physicochemical insights may be gained provided that the spectral characteristics of the dye are sensitive to the physicochemical environment. Our results show that both the absolute wavelength of 2max. and its response to increases in bilirubin-IXa concentration clearly differ between aqueous electrolyte solutions and organic solvents ( Table 1) (Vickerstaff, 1950) . Further, the steep hypsochromic shifts with bilirubin-IXa concentrations above 1O0UM (Table I and Fig. 1 ) are entirely consistent with further selfaggregation of bilirubin dimers to form more extensive aggregates. As the e values for bilirubin-IXa in urea solutions extrapolated to zero urea concentration and in dilute aqueous electrolyte solutions were similar (4.42x104 and 4.37xl104M-lcm-1) and as increases in temperature and added urea reverse the shifts in .max. of more concentrated bilirubin-IXa solutions, the logical inference is that these effects indicate splitting of higher aggregates to the dimer form. The bathochromic shifts in )ma,. with tight isosbestic points with additions of ethanol suggest an equilibrium ofmonomers and dimers, and only monomers above an ethanol concentration of about 60% (v/v) (Fig. 7) . This facilitated an estimate of e for bilirubin-IXa monomers and thereby a crude estimate ofthe dimerization constant (KD) by using e values for the bilirubin-IXa dimer in water. This value (1.5pM)
is similar in magnitude to the dimerization constants (approx. 0.5-6.M) derived for copro-, deutero-, haemato-and proto-porphyrin self-association in water (Gibson, 1964; Brown et al., 1976; Tipping et al., 1978) and to the estimated association constants (0.3-1.OipM) of bilirubin-IXa binding to whale apomyoglobin (Lind & M0ller, 1976) , to rat ligandin (Tipping et al., 1976) and to the second binding site of human albumin (Beaven et al., 1973) under mild alkaline conditions (pH 8.2-9.0), where bilirubin-IXax should only be partially protonated (A. P. Koretsky & M. C. Carey, unpublished work). Many water-soluble dyes tend to dimerize and in certain cases to extensively aggregate with increasing concentration in aqueous solution (Donnan & Harris, 1911; Robinson & Mills, 193la,b; Alexander & Stacey, 1952; Vickerstaff, 1950) . With Methylene Blue as an example (Hillson & McKay, 1965; Braswell, 1968; Mukerjee & Ghosh, 1970) , first dimers followed by small multimers (three to five monomers) form near the limit of aqueous solubility (approx. 30mM), whereas Congo Red displays aggregates composed of 20000 monomers in 3mM solutions (Hillson & McKay, 1965) . Along similar lines, a variety of self-aggregation patterns have been suggested for synthetic and natural porphyrins in the 0.1-100M concentration range (Das et al., 1970; Pasternack et al., 1972; Brown et al., 1976; Gallagher & Elliott, 1973; Gibson, 1964; Tipping et al., 1978) . The more hydrophilic porphyrins appear to be restricted to dimer formation, but the most hydrophobic ones, such as protoporphyrin-IX, the porphyrin analogue of bilirubin-IXa, aggregate more Vol. 179 extensively. However, since the degree of ionization of self-aggregating molecules profoundly influences the extent of association (Small, 1968) , and as many of these studies were carried out near neutral pH where partial protonation of the carboxylic side chains would be expected (Phillips, 1960) , the aggregation patterns are not strictly comparable with the present work. Nevertheless Brown et al. (1976) observed that at pH 11.0 the absorption spectra of haematoporphyrin shifted sharply hypsochromically (16-25nm), producing a 'critical concentration' of 304uM rather similar to the concentration of the break points in our bilirubin-IXLa curves at pH 10.0 (approx. 10pM), suggesting a dimer-*multimer transition.
Further, Brown et al. (1976) observed that variations in ionic strength (0.1-0.4M-NaCl) influenced neither this 'critical concentration' nor the extent of the spectral shifts, but lowering of the pH to 6.98 moved the break point to lower concentrations. The partial protonation of this porphyrin appears to have induced 'mixed multimer' (ionized + protonated) formation with a predictable decrease in the critical concentration of the dimer--multimer transition analogous to what is observed when steroid detergents form 'mixed' micelles as the pH is lowered (Carey & Small, 1972) .
The fact that the bilirubin-IXa dimerization is disrupted only by decreasing the polarity of the solvent, whereas the multimer form can be split to dimers by increasing the temperature or adding urea, suggests that the binding-forces in the dimers are much stronger than that in the multimers. The most likely driving force for the association of monomers to dimers and of dimers to multimers is hydrophobic interactions. It is quite likely that the forces responsible for the stability of the dimer state are mainly due to n-n-electron interactions of the aromatic pyrrole rings of the bilirubin-IXa molecules, since such electrostatic bonds in a hydrophobic microenvironment are unusually strong (Chothia & Janin, 1975) . Further, the visible colour change observed when bilirubin-IXa dimers disaggregate to monomers in ethanol/water or SDS solutions is indicative of direct interactions between the delocalized conjugated n-orbital systems of the molecules in the dimer form. If, however, r-7-electron interactions or hydrogen bonds were the main dimerization force, the KD for such an association should be several orders of magnitude higher (less affinity) than what we observed (Huyskens et al., 1977) , and the association should be capable of being disrupted by increasing the temperature or ionic strength (Carey et al., 1976) . The mixed nature of the bonding forces in the dimer is further supported by the fact that the 'critical concentration' for the aggregation of dimers is insensitive to variations in ionic strength (Fig. 1) . By screening the negative charges Na+ ions should increase the tendency to aggregation, but electrostatic 7r-i-electron attractive forces would be concomitantly weakened. The interactions between dimers to form multimers are promoted by the addition of Na+ and disrupted by increases of temperature and added urea, and further the visible colour change associated with the monomer-to-dimer transition is not observed, all suggesting that much weaker hydrophobic forces are involved possibly because 7r-x-electron interactions are not available for their stabilization. The predominant nature of the hydrophobic interactions in the multimers is further supported by the minimum in the curve of the plot of Amax. versus temperature (Fig. 4) (Brown et al., 1976) . Brodersen (1966) The possible structures of bilirubin-IXa aggregates cannot be derived from the present work. However, the molecular exciton model (Kasha et al., 1965) for interacting dye molecules predicts that hypsochromic shifts in the Soret absorption peak should occur when the transition dipole moments of the molecules are aligned parallel to one another, i.e. a parallel 'playingcard' type of stacking. A similar type of association has been suggested for the self-aggregation of aromatic planar dye molecules (Sheppard & Geddes, 1944; Booij, 1949; Mukerjee, 1974; Robinson et al., 1973) and porphyrins (Brown et al., 1976) .
Physical chemistry of bilirubin-IXa-anionic detergent interactions
When water-soluble dyes and detergents interact, the association often results in a change in the spectral characteristics of the dye when micelles begin to form (Shinoda et al., 1963) . Generally, molecules of oppositely charged dyes and detergents interact to form insoluble ion-pairs below the critical micellar concentration, and the micellar incorporation of this fine dispersion results in a spectral charge detectable at the apparent critical micellar concentration of the system (Tori & Nakagawa, 1963) . When dyes and detergernts of similar charge interact (Kapoor & Mishra, 1976) , the spectral shifts are often more favourable thermodynamically for measuring the critical-micellarconcentration values because saturation of the micelle with an insoluble precipitate is avoided (Mukerjee & Mysels, 1970) . Our results with bilirubin-IXa and SDS provide an excellent example of the latter type of interaction, and the observed spectral shifts are similar to that found in other studies for the micellar incorporation of a dye of similar charge (Shinoda et al., 1963) . The spectral changes observed show no apparent interaction between SDS monomers and bilirubin-IXa below the critical micellar concentration. Once the SDS concentration reaches 1.5-4.0mm the spectral shifts indicate that micelles of SDS influence the equilibrium, possibly by inducing a monomeric distribution of bilirubin-IXa within the micelles. With concentrations of bilirubin-IXa where only dimers are expected, the isosbestic points in the spectra (Fig. 7) suggest an equilibrium between intermicellar dimers and micellar monomers only. Further, the extent of the spectral shifts is similar to that of the transition from dimer to monomeric form of bilirubin-IXa in 50-60% ethanol, suggesting not only that bilirubinIXa is in monomeric form but that it resides at a site in the micelle where water penetrates possibly as far as the first seven carbon atoms of the molecule (Menger etal., 1978) . This supposition is strengthened by the fact that at all bilirubin-IXa concentrations the measured critical-micellar-concentration values are higher than the true critical micellar concentration of SDS (Fig. 8 ) and increase linearly above 10pM, indicative of augmented charge repulsion at the aqueous/micelle interface. With bilirubin-IXa concentrations above 50,UM tight isosbestic points were not observed in the spectra, indicative of an equilibrium between more than two species in solution, possibly dimers and higher aggregates in the intermicellar environment and monomers within micelles. The possibility that the structure ofbilirubinIXa in the micellar environment is akin to the internally hydrogen-bonded secondary structure of the crystal form (Bonnett et al., 1976) has been suggested (McDonagh, 1979) , but can be discounted because the apparent critical micellar concentration of SDS should be lowered by the addition of a 'nonpolar' additive and not increased, as was found in this study (Shinoda et al., 1963) .
The interactions between bilirubin-IXa and bile salts are much more complex, since the difference spectra give two positive peaks at all bile salt concen-1979 trations, including a concentration one order of magnitude below the critical-micellar-concentration values (Fig. 11) , whereas with SDS the difference spectra gave an almost flat line below the critical micellar concentration (results not shown). Thus bilirubin-lXa appears to interact with bile salt monomers and micelles, but only with SDS micelles. Both taurocholate and taurodeoxycholate exhibit temperature-dependent initial self-association (in 0.15M-Na+ the critical-micellar-concentration ranges are 2.7-4.7 and 0.8-1.8mm respectively) as detected by spectrophotometric titration with the cationic dye Rhodamine 6G (Carey & Small, 1969) . Previous studies suggested that dehydrocholate did not exhibit any evidence of self-aggregation in water until the concentration reached about 100-200mM (Fontell, 1972; Djavanbakht et al., 1977) , and at approx. 20mM the solution in 1 M-NaCl was found to contain only trimers by ultracentrifugal analysis (Small, 1968 (Fontell, 1971) . These critical-micellar-concentration values are confirmed by the spectral shifts of bilirubin-IXa/bile salt mixtures in the present work, where both absorption peaks in the difference spectra begin to shift (Figs. 12a and 12b) at 2.7mM (taurocholate), 1 mm (taurodeoxycholate) and 2.8mm (taurodehydrocholate). In view of the fact that the dye and detergent have negative charges and the bilirubin-IXa/bile salt molar ratio at the critical micellar concentration does not exceed 1: 100, the concentration of bilirubinIXa (26juM) used would not be expected to influence the critical-micellar-concentration values of the bile salts significantly. Monomeric taurodehydrocholate appears in part to disaggregate the large bilirubin-IXaaggregates to monomers or dimers by interacting hydrophilically to form taurodehydrocholate-bilirubin-IXa complexes, since the )max. always shifts to 424nm, an isosbestic point is found and the absorption coefficient reaches a plateau at approximately the same value regardless of bilirubin-lXa concentration. At taurodehydrocholate concentrations greater than 30mM the shoulder at 460nm suggests that some incorporation of bilirubin-IXa monomers into taurodehydrocholate micelles occurs. On the other hand, the more complex interactions with the common bile salts are consistent with strong hydrophilic interactions with bile salt monomers and both hydrophilic and hydrophobic interaction with bile salt micelles. It is believed that the spectral Soret band of porphyrins is related to a shifting of ring Vol. 179 electrons to the periphery of the porphyrin ring (Phillips, 1963) . The greater the electron density of the ring nitrogen atoms the more energy that is required for the electronic transition, and hence there is a hypsochromic shift in 1max.. An interaction that would lead to electron density being placed on the bilirubin-IXa nitrogen atoms is hydrogen-bonding between the pyrrole nitrogen atoms of bilirubin-IXa and the hydroxy groups of the bile salts. As micelle formation begins to take place, two sequential interactions with bilirubin-lXa molecules occur. First, as exhibited by the peak shifting further to shorter wavelengths at the critical micellar concentration (Fig. 12a) , bilirubin-lXa molecules probably remain hydrogen-bonded to bile salt monomers, but now reside on the polar face of the micelle, an interaction facilitated by the high density of hydroxy groups on the surface. At higher bile salt concentrations there is some incorporation of bilirubin-IXa monomers into the micelle, as exhibited by the longer-wavelength peak (similar to that in nonaqueous solvents) progressively shifting upwards above the critical micellar concentration (Fig. 12b) . This shift is probably due to bilirubin-IXa molecules residing in the vicinity of the aqueous/hydrocarbon interface of the bile salt micelles, analogous to our interpretation for SDS-bilirubin IXa interactions. Our results lend support to this sequence because with binding at concentrations near the critical micellar concentration of the bile salts the shorterwavelength peak is more prominent than the longerwavelength one. As more and more micelles form, incorporation into the micelle takes precedence and the longer-wavelength peak predominates, and the solutions as observed visually become bright yellow. The findings in another report (Perrin & Wilsey, 1971 ) that optical activity is induced in bilirubin-IXa solutions in the prescence of sodium deoxycholate (pH 8.0) well below its critical-micellar-concentration value lends strong support to our interpretation. Further, our observation that a temperature increase disrupts the short-wavelength peak lends further support to a hydrogen-bonding type of interaction with monomers, whereas a temperature increase does not affect the red-peak interaction, further supporting our hypothesis of hydrophobic interactions between bilirubin-IXa monomers and bile salt micelles at concentrations well above their critical-micellarconcentration values. Finally, the fact that the progressive increase in absorbance of the longerwavelength peak with equimolar amounts of taurocholate (Fig. 10) 
